The growth of intact maize (Zea mays L.) roots and the abscisic acid (ABA) content (measured by gas chromatography-mass spectrometry of the root tip were analyzed after a white-light treatment. The decrease of the elongation rate due to the illumination corresponded to a concomitant increase in the ABA found in the root. When selecting roots, on the basis of their growth rate, it was possible to show that the relation between growth and ABA content, previously reported in darkness was conserved after light treatments. Therefore, light decreased the root growth rate while it simultaneously increased the ABA content in the roots. This increase was higher than expected, demonstrating the complexity of the involvement of ABA on root growth.
frames with the primary roots elongating vertically on moist paper towels. Consequently, without any handling of the roots, it was possible to take black and white photographs and apply light treatments.
Mean Growth Rate and Light Treatment
Photographs were taken every 2 h from 28 h until 72 h of culture. After 51 h of culture in the dark, white fluorescent light (from Philips 8 W/33 lamps) was applied to the roots, 2.6 W.m-2 at the root level. At different times, before and after the beginning ofthe light treatment, apical root segments (0-5 mm from the tip) were harvested, freeze-dried, and stored for analysis.
It is clear that ABA is an important factor in the regulation of root growth (1, 2, 10, 11) . When applied to maize roots, ABA usually inhibits elongation (15, 23, 25) . However, recent results show that ABA should not be considered only as a growth inhibitor, at some concentrations it may induce a significant stimulation of maize root elongation (6, 9, 14, 16) . ABA is present in roots of several species (5, 7) . It is in root caps (4, 21) and in root tips of several maize varieties (18, 23) . White light seems to increase the ABA level (17, 23, 25, 26) while it inhibits root elongation (3) . Coupling the GC-MS and a highly specific and sensitive, negative-chemical ionization method of quantification of ABA (20) , it was possible to show the relation between ABA level in maize roots and their growth rate, indicating that the higher the ABA level the lower the growth rate.
However, some authors have demonstrated, by using inhibitors of carotenogenesis, that a large decrease in the ABA level did not correspond to any change in maize root growth (8) . The aim of this paper is to analyze simultaneously, during a light treatment, the growth rate ofmaize roots and the changes in their ABA content. The relationship between growth, ABA level, and light will then be analyzed using growth classes from a large root population.
MATERIALS AND METHODS

Plant Material
Germination of selected caryopses of Zea mays (cv LG 1 1: Ass. Suisse des Selectionneurs, Lausanne) has been previously described (1 1) After 47 h of growth in darkness, photographs were taken every 2 h using a flash light (1/40,000 s) at a level which was not affecting root growth and allowing technically to take a photograph). Four h later, continuous white light was applied for, respectively, 0 h (control), 2 h (I), and 4 h (II). Immediately after the treatment, plastic frames containing the seedlings were stored in the dark at -80°C. For each group (control, I, II), five growth classes were then sorted on the basis of the individual growth rate, previously measured on the photocopied films. Each frozen root was cut into two parts (tip: 0.0-2.5 mm; elongation zone: 2.5-5.0 mm), as done previously (20) , and harvested in the tubes (20 pieces per tube) corresponding to their own growth class. Harvesting of the still frozen material occurred in a cold room at 4°C with tubes cooled at -20°C. The material is then freeze-dried and stored until the ABA extraction and determination. Averages for fresh weight and dry weight (20 segments) were respectively: 37.2 ± 1.3 mg and 7.8 ± 0.5 mg for the root tips; 51.7 ± 0.6 and 7.0 ± 0.5 for the elongation time.
Growth Measurements
The length of each root was measured, every 2 h on photocopied films (x 1O) by using a digitizing pad (Hi PAD, Houston Instruments, Austin, TX; resolution 1/4 mm, which means 0.025 mm at the root level) interfaced with a microcomputer (ABC 80, Luxor AB, Motala, Sweden) (19 The procedure has been previously described (20) . Briefly, 20 ng of hexadeuterated-(+)ABA (21) were added at the beginning of the extraction to the collected segments as an internal standard. Three mL sodium acetate/acetic acid buffer (1/15 M, pH = 4.0) were added to the plant material at 4°C, and the samples were allowed to equilibrate for 5 min. They were then washed with 3 mL n-hexane, and the organic acids were extracted with 5 mL CHCL3. The chloroform layer was evaporated to dryness in a vortex evaporator. The residue was methylated with 1 mL ethereal diazomethane. fications were calculated using the stable isotope-internalstandard dilution method and the selected ion-monitoring program of the GC-MS (20) .
RESULTS AND DISCUSSION
Light Effect on the Whole Population of Roots
In the first set of experiments, the elongation rate was analyzed every 2 h from 26 to 72 h of germination. As can be seen in Figure 1 , the growth rate of roots kept in the dark became stable after about 44 h of culture. When white light was added after 51 h of culture, the growth rate was significantly reduced, reaching a minimum value 5 h after the beginning of the treatment. At the end of this inhibition period, the growth rate increased more slowly reaching a new stable growth level 11 h after the beginning of the light application. This new growth rate was not significantly different from that of nontreated roots. The growth inhibition due to white light has been previously described (3) . The growth rate recovery, after a relatively long illumination, suggested that the light temporarily changed the hormonal equilibrium responsible for the growth regulation. The increase in the endogenous ABA for illuminated root tips has been already reported (17, 23) . But until now, no data were available about the kinetic recovery of growth and kinetic measurements of ABA levels during experiment.
In Figure 2 , the ABA level, analyzed in the first 5 mm of the root before and during the light treatment, is reported with its related growth rate. Zero time (beginning of the light treatment) corresponds to 51 h of culture. It appears that the ABA content was maximum between 3 and 5 h of the light treatment. Furthermore, this increase in ABA occurred simultaneously with a decrease in growth rate. After having reached the maximum level, the ABA content was decreasing and the recovery of growth occurred. Values given in Table I show that the ABA level was not significantly different in roots of the same age maintained in the dark or in light. But a significant increase in this level could be observed for both conditions ofculture with time (66 h ofculture). This explains why the ABA, after an 18 h illumination, did not return to its initial level although the growth rate did (Fig. 1) .
The data show that light inhibits the growth rate and causes an increase in the ABA content, as previously reported (3, 17) . But they also indicate, and this is new, that these two processes are not stable. Moreover, the light itselfhas no effect on the growth rate and on the ABA level. Only the transition from darkness to light induces temporary changes in the metabolism ofthe roots which react homeostasically, for these two parameters, returning then to their own dynamic equilibrium.
Light Effect on Roots from Different Growth Classes
In order to better understand how the relation between the individual growth rate and their ABA content is affected by a light treatment, a second set of experiments was designed. Several recent results (19, 20, 24) have shown the efficiency of sorting roots into different growth classes a posteriori. This type of experiment gathers valuable information about the physiology of root growth that is hidden by the behavior of the whole population or removed by selection of materials. The aim of this series of experiments was to follow the two parameters (growth and ABA content) kinetically into differ- Table II) were selected. All the roots used were grown in the same conditions, 51 h of culture in darkness. One group was harvested then as the control, the second was illuminated for 2 h, and the last for 4 h. The growth rate was measured from 4 h before the start of the light treatment to the end of the treatment. Distributions of growth rates for the three different populations of roots are reported in Figure 3 (class wide: 0.2 mm. h-'). X2 test showed that the distribution of the light treated roots (I, II) was significantly different from the control, as was the case with the mean growth rate (Table II) . Each group of roots was divided into 5 classes of increasing growth rate, corresponding to the same number ofindividuals. Table III shows the effect of light on the growth rate for the two groups of treated roots. As can be seen, this effect was different for each class. The slow growing roots were more inhibited by light. The lower was the initial growth rate, the higher was the final inhibition. On the contrary, no significant variation in the growth rate for rapidly growing roots could be observed while a promotion for the class 5 (after a 4 h light treatment) was obtained. Thus, when the light induced a decrease in the mean growth rate for the whole population ( Fig. 1 ), this light effect had to be related to the initial growth rate of the roots. The roots were sorted on the basis of the last elongation measurement, in order to assess any possible relation between their ABA content and their growth rate; a rather immediate correlation between these two parameters has been observed (Fig. 2) . Data exhibiting the light effect on the ABA level of the roots from the three groups are given in rate, the increase in ABA level was relatively larger than expected. This was especially observed after a 4 h treatment. In Figure 5 the roots maintained in the dark had an elongation rate of 0.6 mm -h-' contain 1.75 ng ABA per 20 segments, whereas roots having similar growth rate contain 2.75 ng ABA per 20 segments after a 4 h light treatment. Thus, the light treatment did not change the nature of the relationship between these two parameters. The mean values of the three populations (Table II for growth, Table IV for ABA content) also confirm that the increase in ABA content was much larger than expected for a certain growth decrease. This is particularly evident in the elongation segments after 4 h of light application. The reasons for this high variance of ABA are certainly many. It is possible that by application of light the pool of ABA, which is increased, is not concerned by the growth. But the roots do not respond in the same manner to this hormone increase: a part of the population is not even changing its growth rate (some are increasing it) and this could be related to several previous data exhibiting a growth promotion or no effect by ABA application (9, 16, 19) . Present data did not allow the proving of any causal link between ABA level and growth rate.
To obtain a better picture of the phenomenon, we calculated correlation curves from reciprocal values obtained for ABA level of roots kept in the dark and 11 h on light (Fig. 6 ). This suggests that the type of relation, with or without a light treatment, remains unchanged, whatever zone is concerned; only the absolute level may change. Furthermore, in all cases, slowly growing roots presented a large variability in ABA level which seemed to be low and relatively stable for rapidly growing roots. Other experiments should show, in the case of spectacular changes in ABA level using treatments as osmotic stress (22) 
